Abstract Development of the cerebellum occurs postnatally and is marked by a rapid proliferation of cerebellar granule neuron precursors (CGNPs). CGNPs are the cells of origin for SHH-driven medulloblastoma, the most common malignant brain tumor in children. Here, we investigated the role of ERK, JNK, and p38 mitogen-activated protein kinases in CGNP proliferation. We found high levels of p38a in proliferating CGNPs. Concomitantly, members of the p38 pathway, such as ASK1, MKK3 and ATF-2, were also elevated. Inhibition of the Shh pathway or CGNP proliferation blunts p38a levels, irrespective of Shh treatment. Strikingly, p38a levels were high in vivo in the external granule layer of the postnatal cerebellum, Shh-dependent mouse medulloblastomas and human medulloblastomas of the SHH subtype. Finally, knocking down p38a by short hairpin RNA-carrying lentiviruses as well as the pharmacologically inhibiting of its kinase activity caused a marked decrease in CGNP proliferation, underscoring its requirement for Shh-dependent proliferation in CGNPs. The inhibition of p38a also caused a decrease in Gli1 and N-myc transcript levels, consistent with reduced proliferation. These findings suggest p38 inhibition as a potential way to increase the efficacy of treatments available for malignancies associated with deregulated SHH signaling, such as basal cell carcinoma and medulloblastoma.
Introduction
The cerebellum is a foliated dorsal brain structure that regulates coordination, fine movements, and posture. In its distinctly layered architecture there are several subtypes of neurons, including granule neurons. In humans and in mouse models, cerebellar granule neuron precursors (CGNPs) are proposed to be the cell of origin for medulloblastomas marked by aberrant activation of the Shh signaling pathway [44, 51, 53, 62] . Understanding the regulation of CGNP proliferation by mitogenic Shh signaling in the normal developing cerebellum will lead to greater insight as to how aberrant Shh pathway activity contributes to cancers, such as medulloblastoma and basal cell carcinoma [48] .
During the development of the cerebellum in mice and humans, CGNPs undergo a rapid post-natal proliferation phase in the external granule layer (EGL). After several rounds of rapid cell division, CGNPs migrate through the underlying layer of Purkinje neurons, the source of Shh, to form the internal granule layer (IGL), where they terminally differentiate into mature interneurons [8, 11, 51, 66] . Post-natal expansion of CGNPs in the EGL requires Shh signaling and the loss of Shh leads to reduced proliferation and cerebellar defects in neonatal mice [33, 55, 59] . Shh is a mitogen that, by interacting with the transmembrane protein Patched (Ptch), relieves the inhibition of Smoothened (Smo) [for detailed review of Shh signaling in the CNS, see 34] . Activation of Smo ultimately leads to transcriptional activity of the Gli transcription factors, which themselves regulate a gene expression program resulting in proliferation and survival [22, 23, 25, 54] . In addition to the Gli factors, Shh activity also induces expression of oncogenes N-Myc, E2F1, YAP, and the microRNA miR 17/92, which are required for CGNP proliferation [4, 16, 28, 42, 56 ]. An additional feed-forward loop wherein N-Myc upregulates eIF4E to ultimately inhibit S6 Kinase, stabilizing IRS1 also drives N-Myc-dependent CGNP proliferation [36] . Indicating conservation between Shh-induced CGNP proliferation and medulloblastomagenesis, N-Myc, YAP, and miR 17/92 are also amplified or over-expressed in mouse and human Shh-associated medulloblastomas [16, 42] .
In addition to Shh, CGNPs also require IGF signaling for their proliferation. Both IGF1 and IGF2 activate the IGF1 receptor, and both are expressed in the neonatal cerebellum. The activated IGF1 receptor recruits IRS1, which serves as a scaffolding platform for downstream kinases, ultimately leading to the activation of Akt. Akt activity inhibits GSK3b, which normally phosphorylates and promotes degradation of N-Myc [20, 28, 31, 45] . As a result, Shh and IGF pathways both impinge on N-Myc to ensure CGNP proliferation. Akt activity also leads to mTOR activation, leading to increased mRNA translation through disinhibition of eIF4E. In mouse models for Shhmediated medulloblastoma, mTOR inhibition blocks tumor cell proliferation [5] .
As continued proliferation and failure to commence differentiation is thought to be essential for the progression of Shh-dependent medulloblastomas, it is essential to understand the signaling pathways involved in regulation of CGNP proliferation by Shh. This will also be critical for developing new targeted therapies to treat medulloblastoma patients that will both increase their survival rate and ameliorate the life-long, debilitating side effects that occur as a result of the current standard of care (surgical resection, craniospinal radiation, chemotherapy). Mitogen-activated protein kinases (MAPKs) play a prominent role in regulating proliferation in all mammalian cells and Shh has been noted to act very much like a classic mitogen [27, 46, 59] . Moreover, classic MAP/Erk kinase pathway activity is known to be required for long-term CGNP survival, albeit dispensable for short-term CGNP proliferation [6, 27] . We, therefore, investigated whether the Shh pathway interacts with other MAPK pathways to regulate proliferation.
There are three major classic MAPK families in mammalian cells: ERK family, p38 family, and SAPK/JNK family. The former is usually associated with mitogenic growth signals and the latter two are classic responders to stress-related stimuli, such as inflammation, oxidative stress, and DNA damage [9, 24, 30] . Evidence has also accumulated showing that p38 and JNK can have nonclassical roles in proliferation and survival programs [29, 57, 58] . We found that p38a MAPK protein is elevated and active in CGNPs exposed to Shh, and that both p38a and phosphorylated (activated) p38a localized to the neonatal mouse EGL. Indeed, we found a striking upregulation in the whole pathway, including upstream kinases MKK3 and ASK1 and downstream effector ATF-2. Furthermore, p38a levels and activity were increased in mouse medulloblastomas compared to adjacent non-tumor cerebellum. Analysis of biopsies of human medulloblastomas revealed high levels of active p38a in the SHH-subtype tumors. Interestingly, Smo inhibition in CGNPs was associated with a decrease in p38 activity, and p38 pathway inhibition caused a marked decrease in proliferation of cultured CGNPs. We also found that Gli1 and N-myc expression levels decrease when p38 is inhibited, which could underlie the reduced CGNP proliferation.
Taken together, our findings that Shh signaling is associated with induction of p38a activity in normal CGNPs and in mouse and human medulloblastomas, and blocking its activity reduces Shh-mediated proliferation suggest that the p38 pathway may be a viable therapeutic target in SHH-associated medulloblastoma. This is especially important in light of recent studies showing that use of anti-SHH drugs targeting SMO result in drug resistance and tumor relapse [7, 14, 63] . Moreover, many SHHassociated tumors already have amplification of SMO downstream targets, suggesting that SMO inhibition itself may be fruitless and a more useful approach may be to target pathways impinging on the expression of stability of SMO effectors.
Materials and methods

Animal studies
Preparation of cerebella and tumor tissue was carried out in compliance with the Memorial Sloan-Kettering Institutional Animal Care and Use Committee guidelines. NeuroD2-SmoA1 mice were purchased from Jackson Labs (008831).
CGNP and cell cultures
Cerebella were isolated from postnatal day (PN) 4-5 Swiss Webster or NeuroD2-Smo A1 mice and primary cultures were prepared as described [45] . Pzp53med cells, generously provided by Matt Scott (Stanford), were grown in DMEM/1% FCS with antibiotics. Other compounds used were: Shh (R&D Systems, 3 lg/mL), Cyclopamine (1 lg/mL, gift of Dale Gardner, USDA), bFGF (20 ng/mL, Peprotech), SANT-2 (100 nM, Enzo Life Sciences), SB203580 (559398, EMD Biosciences) and BrdU (10 lM, Sigma).
Lentivirus production and CGNP infection
293T packaging cells (ATCC) were transfected as described before [36, 45] with Mission shRNA lentiviral plasmids (Sigma; p38-1, TRCN0000023120; p38-2, TRCN0000055225) predicted to target p38, that also expressed GFP for detection. GFP shRNA was used as a control (shGFP, Sigma).
RNA extraction and real-time PCR
Total RNA from CGNPs and tissue was extracted either with TRIzol reagent (Invitrogen) or RNeasy Kit (Qiagen) according to the manufacturers' directions. cDNA was prepared from 1 lg of total RNA using iScript cDNA Synthesis kit (Bio-Rad). Quantitative PCR was performed using TaqMan Universal PCR Master Mix and TaqMan Gene Expression Assays with Step One Plus (Applied Biosystems).
Protein preparation and immunoblotting
For immunoblot analysis, cells were washed once in PBS and scraped in lysis buffer for protein extracts as previously described [27] . 50-70 lg of each sample was separated on 7-12% polyacrylamide gels and transferred in 20% methanol buffer to Immobilon-P membranes (Millipore). Antibodies used were: Cyclin D2 (Santa Cruz Biotechnology, sc-593), p38 and phospho-p38 (Cell Sig- 
Immunofluorescence
CGNPs were grown on poly-DL-ornithine coated glass coverslips as described previously [45] . The cells were fixed with 4% paraformaldehyde for 20 min, washed in PBS, blocked for 45 min in blocking buffer with goat serum (Sigma), and incubated with primary and secondary antibodies according to manufacturer's instructions. All antibodies were used at 1:100 dilutions except for phosphop38, which were used at 1:50. Secondary antibodies (Invitrogen, A11070, A11001, A21430, and A21425) were used at 1:2,000 dilutions.
Immunohistochemistry and tissue microarray analysis
Paraffin-embedded sections from PN 3, 5, and 7 mouse brains were stained with the p38 antibody at 1:80 dilutions and phospho-p38 antibody (CST, 4631) at 1:40 dilutions with extended antigen retrieval step for PN 3 to enhance the signal. The human pediatric medulloblastoma tissue microarray (TMA) was obtained according to regulations and previously characterized as described in Remke et al. [50] . Phospho-p38 antibody (CST, 4631) was used at a 1:50 dilutions for staining the TMA slides. Immunohistochemistry staining was done using the Ventana Medical Systems Discovery XT Staining Module. The biopsies were scored blindly from 0 to 3 for amount of phospho-p38 staining intensity and the total area of each biopsy sample that was positive. Biopsies that scored 0 and 1 were categorized as low, and 2 and 3 as high. Then samples were assigned subtype information. Chi-squared test was applied to determine if there was an overrepresentation of the high or low category within a subtype.
Image capturing and quantification
Staining of primary cells and tissue sections was visualized and images were collected as described before [36, 45] . In experiments where CGNPs were seeded at low numbers to avoid the formation of large clusters, individual cells were counted and Ki67-positive cell numbers were normalized to the total number of cells determined by DAPI staining using Volocity software (Perkin Elmer). In other experiments, where CGNPs formed large clusters, the Ki67-positive area in each image was normalized to the DAPIpositive area using ImageJ software (Rasband, W.S., ImageJ, US National Institutes of Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 1997-2011).
Results
p38 MAPK pathway is active in proliferating CGNPs
In order to gain new insights into the role of MAP kinases in CGNP proliferation, we first examined the status of p38 MAPK, since published data indicated that ERK and JNK might not be involved in this process [17, 27] . After CGNPs were cultured in vitro from postnatal day (PN) 5 pups in the presence or absence of Shh, we examined the protein levels of p38 pathway members by western blot analysis (Fig. 1a) . CGNPs cultured without Shh exit the cell cycle and start differentiating whereas those cultured with Shh continue proliferating and retain their precursor properties, and elevated levels of cyclin D2 is an indicator of ongoing proliferation [43, 45] . Interestingly, we observed increased levels of both total and phosphorylated (activated) p38a MAPK in CGNPs cultured in the presence of Shh compared to cells cultured without Shh (Fig. 1a) . What was even more surprising was the striking manner in which the whole pathway was elevated; total levels of ASK1, MKK3, and p38 were increased CGNPs with Shh.
We then confirmed previous findings showing that ERK kinases p42/44 are not involved in CGNP proliferation. Proliferating CGNPs do not have altered levels of activated ERK, nor are these levels affected by the addition of cyclopamine (Supp. Fig. ESM 1a) . We also investigated the levels of active JNK and its established signaling target, c-Jun, in cultured CGNPs by western blot analysis. CGNPs cultured with or without Shh showed no difference in phospho-JNK and phospho-c-Jun levels (Fig. 1b) . This finding confirms the previously reported result that, similar to ERK, JNK activation is not a part of the mitogenic Shh response in CGNPs [17] . Our findings with all three major MAPK pathways show that p38 pathway is the only one likely to be involved in Shh-dependent CGNP proliferation, though active JNK and ERK may play Shhindependent roles in CGNP biology at this or later stages.
To investigate whether the high p38 protein levels in proliferating CGNPs was a result of direct Shh regulation of p38 transcription, we performed a quantitative PCR experiment, where total RNA from CGNPs cultured with or without Shh was assayed for p38/MAPK14 expression levels at 3, 6, 12, 24, and 48 h in culture (Supp. Fig. ESM  1b) . Transcripts, such as Gli1, that are direct targets of Gli2/3 downstream of Shh have been shown to increase rapidly at these early time points and remain elevated throughout the 48 h of culture [46] . In contrast, we did not observe any significant changes in p38 mRNA levels with or without Shh. We repeatedly assayed mRNA levels at the end point (48 h) of our CGNP cultures, where we see a marked difference in p38 protein levels, yet no significant difference in mRNA levels was observed, leading to the conclusion that p38 is under post-transcriptional regulation during CGNP proliferation.
In order to determine the relationship between elevated p38 protein/activation and CGNP proliferation at the cellular level, we cultured CGNPs from PN 5 mice on coverslips with or without Shh, pulsed them with BrdU for 2 h to label those that were actively going through the cell cycle, and performed immunofluorescence analysis. A significant increase in CGNPs marked with BrdU staining was found in Shh-treated cultures (Fig. 1c) . These proliferative regions also exhibited high levels of p38 and phospho-p38. Quantification of the overall proliferation and levels of p38 and phospho-p38 in the cultures revealed significant increases in proliferating CGNPs (Fig. 1d) . At the cellular level, all CGNPs that were labeled with BrdU and hence were proliferating also had higher levels of p38 and phospho-p38 (Supp. Fig. ESM 1c) . Very few CGNPs were proliferating in cultures without Shh after 2 days, as expected. Our immunofluorescence results underline a strict correlation between elevated p38 levels and the proliferative state of CGNPs.
Inhibition of the Shh Pathway and CGNP proliferation inhibits p38
In order to further establish that p38 pathway activity was dependent on CGNP proliferation, we cultured CGNPs Fig. 1 p38 pathway is active in CGNPs and this activity is dependent on Shh-dependent proliferation. a Protein lysates from PN 5 CGNPs cultured with (?) or without (-) Shh for 48 h were probed with antibodies against p38a, phospho-p38a (p-p38a, Thr180/Tyr182), upstream kinases MKK3 and ASK1 as well as cyclin D2 to assess proliferation and Shh pathway activity by western blot analysis. Lysates were normalized for total protein and b-tubulin was used as a loading control. b Protein lysates from PN 5 CGNPs cultured with (?) or without (-) Shh for 48 h were probed with antibodies against phospho-JNK (p-JNK, p46 and p54 SAPK/JNK, Thr183/Tyr185) and phospho-c-Jun (p-c-Jun, Ser63) by western blot analysis. b-tubulin was used as a loading control. c CGNPs from PN 5 mice were cultured for 2 days with (Shh) or without (V) Shh. The cultures were pulsed with BrdU as described in ''Materials and methods'' and immunofluorescence staining against BrdU (red), p38a (green), and phospho-p38a (p-p38a, green) was performed. DAPI staining (blue) was used to label all nuclei. BrdU-positive CGNP clumps characteristic of proliferating CGNPs in response to Shh were observed in the cultures with Shh. White scale bars indicate 100 lm. d Quantification of proliferation by BrdU and levels of p38a and phospho-p38a (p-p38a) staining in c normalized to DAPI. **p value \0.001 with two-tailed t test between V and Shh sample. e Western blot analysis of protein lysates from PN 5 CGNPs cultured with Shh for 24 or 48 hours (24, 48 h) or without (-) Shh for 48 h and SANT-2 for the duration of the experiment (48 h) or the last 24 hours (24 h). Cyclin D2 levels are indicative of Shh pathway activity and CGNP proliferation. b-tubulin was used as a loading control. f CGNPs were cultured with (?) or without (-) Shh either without (-) or with bFGF for 10, 24, and 48 h and protein lysates were analyzed for cyclin D2 and p38 levels in western blots. b-tubulin was used as a loading control c with the Shh antagonist, SANT-2. In the presence of Shh, SANT-2 successfully inhibited the Shh pathway and CGNP proliferation and by 24-h IRS1 and cyclin D2 levels were down to basal levels observed in CGNPs cultured without Shh ( Fig. 1e; Supp. Fig. ESM 1d) . In line with decreased proliferation, a marked decrease in total and active p38a levels was observed in CGNPs treated with SANT-2; however, this effect was most prominent at the 48-h time point, indicating that p38 is unlikely to be a direct target of Smoothened signaling and is more likely regulated by a distal downstream effector of Shh.
Basic FGF (bFGF) has been shown to cause CGNPs to exit the cell cycle and differentiate, even in the presence of Shh [17, 36] . We used bFGF to force CGNPs to cease proliferation. As shown in Fig. 1f , the longer CGNPs are exposed to bFGF, the less active the Shh proliferative response is, as judged by cyclin D2 levels. Consistent with a role for p38 in Shh-mediated proliferation, a decrease in p38a levels was also observed. This result is consistent with our SANT-2 results, supporting a role for a downstream proliferation-associated effector of Smoothened in driving p38 MAPK pathway activity.
p38 is active in the EGL of the developing cerebellum
We next investigated whether the levels of p38 in the developing postnatal cerebellum in vivo parallel our observations in vitro. It is known that the prominent p38 isoform in the adult cerebellum is p38b (MAPK11) [2] . p38a (MAPK14) seems to be important in earlier development, as lack of p38a causes embryonic lethality due to placental and vascular defects [1] . As seen in immunohistochemistry images in Fig. 2a , p38a was highly expressed in the EGL of the cerebellum during the first seven postnatal days during the time when Shh-induced proliferation increases and peaks at day 7. Indeed, the level of active p38a was markedly increased by PN 5 and peaked at day 7, correlating with Shh-dependent proliferation of CGNPs (Fig. 2b) Fig. ESM 2) . Analysis of SmoA1 tumor lysates for active p38a protein levels by western blot revealed that the tumors indeed had elevated levels compared to adjacent non-tumor cerebellum tissue, in correlation with higher levels of proliferation as determined by cyclin D2 protein levels (Fig. 3a) . The tumor tissue had higher levels of apoptosis compared to non-tumor tissue as reported before in this mouse model as well as in human medulloblastoma We also investigated the state of p38a expression in the tumors by immunostaining tumor and adjacent normal tissue for Ki67 and phospho-p38a ( Fig. 3b ; Supp. Fig. 3 Shh-driven mouse medulloblastoma has high p38 activity. a Protein lysates from the brains of adult Smo A1 mice with medulloblastomas were analyzed for cyclin D2, phospho-p38a, and cleaved PARP levels by western blot analysis. First two lanes are from the same mouse brain, where adjacent non-tumor tissue (A.n-T1) was separated from the medulloblastoma (MB1) tissue before protein extraction. Similarly, lanes 3 and 4 are from the same brain. b-tubulin was used as an internal control for each sample. b Tissue section from an adult SmoA1 mouse with a medulloblastoma containing tumor and adjacent non-tumor tissue was immunostained for Ki67 (red) and phospho-p38a (green). DAPI staining (blue) was used to label all nuclei. The internal granule layer (IGL) and the molecular layer (MOL) in adjacent non-tumor region (top panels) were devoid of Ki67 and phospho-p38 staining. White dashed lines delineate the IGL. The tumor (lower panels) had the characteristic Ki67-positive cells, most of which also have high levels of p-p38a unlike the cells of the normal adult cerebellum. Scale bars indicate 100 lm. c Representative immunohistochemistry staining of phospho-p38a of human SHH subtype medulloblastoma biopsies on tissue microarray. First column shows one of two p-p38a-low medulloblastomas, the following 4 columns are representative p-p38a-high tumors, as judged by intense brown staining. Bottom panels (940 magnification) are close up of top panels (910 magnification), where individual cells can be detected.
Scale bars indicate 50 lm
Acta Neuropathol (2012) 123:573-586 579 ESM 3). As expected, Ki67 levels were very high in the tumor while the normal IGL and molecular layer of the adult cerebellum had no Ki67 positive cells. As previously published, the normal adult cerebellum does not have high levels of p38a in the IGL or molecular layer regions [2, 32] ; however, in the tumor, Ki67 positive cells expressed high levels of phospho-p38a, confirming our findings in CGNPs (Fig. 3b) . Thus, we again observe a strict correlation between CGNP proliferation and p38a activity in the cerebellum. In order to determine if p38 was upregulated in Shhdriven human medulloblastoma, we analyzed 109 pediatric medulloblastoma biopsies for phospho-p38a levels. These biopsies have been previously characterized and assigned medulloblastoma subgroups [50] . Thirty-one samples belonged to the SHH subgroup, 5 to the WNT subgroup, and the remaining 73 to the C and D subgroups (Supp. Tab. ESM 4). Importantly, the distribution of the samples analyzed did not represent the frequency of subtypes in human disease [38] , but rather resulted from what was available to us at the time of the study. 3 out of 109 biopsies were completely negative for phospho-p38a. We scored phospho-p38a staining of the biopsy samples as described in ''Materials and methods'' and categorized them as phospho-p38 high and phospho-p38 low. We determined that 28 out of 31 SHH-subgroup samples were in the high category (Fig. 3c) . The C and D subtypes had a wider range of staining for phospho-p38, where 18 out of 27 C-subtype samples and 21 out of 46 D-subtype samples were high for phospho-p38a. 4 out of 5 WNT-subtype samples also scored high in our system; however, with such few samples it is not possible to make any conclusions about p-p38 in the WNT subtype. When we analyzed these results statistically, the C subgroup did not exhibit an overrepresentation of phospho-p38-high samples (v 2 = 0.077). The D subgroup showed a significant over-representation of phospho-p38-low category (v 2 = 7.753, p \ 0.05) and there was a significant over-representation of phospho-p38-high samples within the SHH subtype (v 2 = 9.343, p \ 0.05). These findings support the idea that under conditions of high Shh activity, normal and malignant CGNP proliferation is tightly correlated with p38 activity in mice and in humans. Further studies are needed to determine the relationship of p38 activity and the proliferative state of the human medulloblastomas as well as any possible potential role for p38 activity as a prognostic indicator. Interestingly, similar to our findings with p-p38 in human medulloblastoma samples, MIB-1 proliferation index is high in over 50% of human medulloblastomas and does not indicate a correlation with any histological subtype or survival [13, 41, 52] . It remains to be seen whether p-p38 high and low levels correlate with MIB-1 or other proliferative indices in the same samples. It should be noted that, similar to published findings for MIB-1, highest levels of p-p38 were observed outside desmoplastic nodules compared to inside the nodules (data not shown), which are known to be less proliferative [13, 52] . p38 pathway activity is required for CGNP proliferation Having established that CGNP proliferation is associated with high p38a levels and activity, we next investigated whether p38 pathway activity is required for proliferation. In order to examine the consequence of p38a inactivation, Fig. 4 p38 activity is required for CGNP proliferation. a Western blot analysis of protein lysates from CGNPs cultures exposed to lentiviruses expressing shRNAs targeting GFP or p38a/MAPK14 (p38-1 and p38-2). CGNPs were incubated with viruses at time of plating for 4-12 h and protein lysates were collected at 48 h. Both p38-1 and p38-2 shRNAs were predicted to knockdown p38; however, only the former yielded a successful knockdown, allowing us to use p38-2 as an additional control. b-tubulin was used as a loading control. b Quantification of proliferation of cultures infected with lentiviruses for p38 knockdown as measured by Ki67 staining normalized to DAPI staining. CGNPs were cultured with or without Shh and either with lentiviruses expressing the control shRNA, targeting GFP, or p38-1 shRNA, targeting p38/MAPK14. Cells were immunostained for Ki67 and GFP. DAPI staining was used to label all nuclei. Ki67 positive cells were normalized to all cells using DAPI staining. (Also see Supp. Three Shh cultures were also treated with 5, 10, or 20 lM SB203580 for the last 24 h of culture. DAPI staining was used to label all the nuclei and Ki67 levels were normalized to DAPI staining to determine the percentage of cells positive for Ki67 using Image J as described in ''Materials and methods''. The difference of proliferation between Vehicle and Shh culture **p value of p \ 0.002 with a two-tailed t test, and between Shh and Shh ? 20 lM SB 203580 culture, *p \ 0.01. e Quantitative PCR was performed on cDNA from total RNA from CGNPs cultured without Shh (V), with Shh (Shh), with Shh and 10 lM SB203580 (Shh ? SB). CGNPs were in culture for 48 h while SB203580 treatment was for the last 24 h of culture. Gli1 and N-myc levels were determined using Taqman probes as described in ''Materials and methods''. HPRT1 was used as the internal control for normalization. The amount of Gli1 decrease observed with SB203580 is similar to the decrease observed with Shh inhibitors cyclopamine and SANT-2 [45] we utilized short hairpin RNAs (shRNAs) to knockdown p38a in CGNPs in vitro. We infected CGNPs with lentiviruses carrying two different shRNAs predicted to target p38a. The shRNA plasmids also expressed eGFP to track infection efficiency. As a control for infection and general shRNA-mediated inhibition, we used lentiviruses with an shRNA against GFP, which we have shown before not to affect CGNP biology significantly [45] . As predicted, the control shRNA also did not affect p38a, phospho-p38a, or IRS1 levels, as expected (Fig. 4a ). An shRNA predicted to target p38a, but which did not successfully knockdown p38a (p38-2), also did not affect Shh pathway as judged by IRS1 levels. Since p38-2 had a slight effect on proliferation, though not via p38 reduction, we left this shRNA from further experiments. On the other hand, an shRNA that successfully knocked down p38a (p38-1) reduced CGNP proliferation along with Shh pathway activity, as judged by cyclin D2 and IRS1 levels. This finding shows that p38a is necessary for CGNP proliferation and may have an effect on overall Shh pathway activity.
In order to quantify the effect of p38a knockdown on CGNP proliferation, we cultured CGNPs on coverslips and infected them with lentiviruses containing either the control shRNA targeting GFP or the p38a shRNA that effectively knocks down p38a in CGNPs (p38-1) and immunostained for Ki67 and GFP ( Fig. 4b ; Supp. showed low levels of proliferation compared with those cultured with Shh. CGNPs with the control shRNA targeting GFP had similar levels of proliferation as CGNPs cultured with Shh without any infection, confirming our findings in Fig. 4a and previously published results. In CGNPs with the p38-1 shRNA plasmid, p38a knockdown significantly decreased CGNP proliferation. On an individual cell level, none of the GFP-positive CGNPs expressed Ki67 (Supp. Fig. ESM 5, bottom panels) , indicating that cells with reduced levels of p38a could not proliferate. This was true even for those cells inside the proliferative clumps, surrounded by Ki67-positive, proliferating CGNPs. In order to confirm by another means the essential requirement for p38 activity in Shh-mediated CGNP proliferation, we used the p38 pharmacological inhibitor SB203580 at 5 and 10 lM concentrations in CGNPs cultured with Shh. 10 lM SB203580 has previously been shown to be effective in inhibiting p38a in CGNPs [18] . At these concentrations, SB203580 is thought to be specific to inhibiting p38 activity by competing with ATP for the ATP-binding pocket. Western blot analysis of protein lysates revealed that the p38 inhibitor caused a significant decrease in cyclin D2 levels, indicating a decrease in CGNP proliferation (Fig. 4c) . Cleaved PARP levels, on the other hand, remained the same as controls, suggesting that, though SB203580 inhibited CGNP proliferation, it did not cause a marked increase in cell death at these concentrations. Similarly, JNK and phospho-JNK levels were unchanged, confirming that the p38 inhibitor at these concentrations did not affect the JNK pathway in CGNPs. Interestingly, we observed a decrease in p38a and phospho-p38a levels with SB203580, which indicates that the reduction in proliferation in turn might cause a decrease in p38a levels, as this drug is not known to directly affect p38a protein stability or gene expression. As expected, higher levels of SB203580, at 20 lM, also showed a marked reduction in p38, cyclin D2, and phospho-ATF-2 levels (Supp. Fig. ESM 6) .
We next cultured CGNPs with increasing amounts of SB203580 and determined the amount of proliferation with Ki67 immunostaining (Fig. 4d) . Ki67 labeling was clearly reduced with increasing amounts of p38 inhibitor. In the absence of drug, 33.3% (±3.8%) of the CGNPs stained positive for Ki67, and increasing the dose of the p38 inhibitor caused a decrease in proliferation to 7.3% (±4.3%) with highest dose of 20 lM, which was similar to the proliferation of CGNPs cultured without Shh (Vehicle 11.1 ± 2.5%).
Considering that p38 inhibition can be a useful addition to existing Smo inhibitors for combinatorial therapy, we were interested in the apoptotic potential of SB203580. We observed that in wild-type CGNPs only a high dose of SB203580 (20 lM) caused increased level of apoptosis (Supp. Fig. ESM 7) . Interestingly, in the Pzp53med mouse medulloblastoma cell line, which was derived from a mouse Ptc ?/-/p53 -/-medulloblastoma [3] , we found that much lower doses of inhibitor (5 lM) caused high levels of apoptosis (Supp. Fig. ESM 7) . This preliminary result indicated that it may be worthwhile to test the value of inhibition of p38 in addition to targeting Smo for therapy, not only because p38 inhibition reduces CGNP proliferation, but also because low doses of p38 inhibitor can cause apoptosis in cancer cells while sparing wild-type cells.
Since Gli1 and N-Myc are two transcription factors that are directly involved in CGNP proliferation and are highly induced by Shh, we asked whether inhibiting p38 lowers Gli1 or N-myc expression. We performed quantitative PCR to measure Gli1 and N-myc expression levels in CGNPs cultured for 48 h with or without 10 lM SB203580 for the last 24 h (Fig. 4e) . While both transcript levels were high with Shh at the end of 48 h, treatment with SB203580 resulted in a significant decrease in both, similar to that seen with cyclopamine [26, 45] . Since Gli1 and N-Myc are two of the major CGNP proliferation drivers, the observed reduction in their expression levels likely explains why inhibition of p38 results in reduced CGNP proliferation. Exactly how inhibition of p38 leads to a reduction in Gli1 and N-myc expression is currently under investigation.
Discussion
In this study, we report the first known connection between the Shh pathway and a MAP kinase in the context of CGNP proliferation and postnatal cerebellum development. Previous studies that probed a possible role for MAP kinases in CGNP proliferation found that neither the ERK1/2 nor JNK MAP kinases were involved in CGNP proliferation [17, 27] . Here we show that the third major MAP kinase pathway in mammalian cells, the p38 MAPK pathway, is activated in response to Shh treatment of CGNPs in vitro and is required for their proliferation. Moreover, p38a and phosphorylated (activated) p38a are present in the cerebellar EGL in vivo during the period of Shh-dependent CGNP proliferation. Most importantly, active p38a is present in mouse and human Shh-associated medulloblastomas. Our results indicate that p38a-dependent induction/ maintenance of N-myc and Gli1 expression downstream of Shh may underlie the reduced proliferation of CGNPs under conditions of p38 inhibition, and suggest that targeting p38 MAPK signaling could be explored as a future therapeutic approach to medulloblastoma, the most common malignant pediatric brain tumor. p38 activity and CGNP proliferation Although a previous study reported that the pharmacological inhibition of p38 reduces CGNP proliferation of PN 6-8 CGNPs [15] , a link between p38a activity and the Shh pathway in CGNPs was not described. Most studies concerning the role of p38 in neural precursors have focused on its role in driving apoptosis in response to environmental cues and assaults known to induce neuron and precursor cell death. In recent years, however, evidence of involvement of p38 in proliferative programs has been accumulating. Indeed, p38a is now known to be required for the proliferation of hematopoietic cells, vascular smooth muscle cells, and fibroblasts [12, 35, 37, 49, 58, 65] . In addition to normal development, proliferation via p38a activation has been shown in some cancers, including breast, colon, and ovarian cancer [39, 64, 67] .
We show here that CGNPs cultured with Shh have high levels of total and active p38a, compared to CGNPs cultured without Shh, which exit the cell cycle and differentiate. Our findings highlight an important involvement of p38 pathway activity in the Shh-dependent early proliferation of these precursor cells in vivo and in vitro. Importantly, inhibiting Shh in proliferating CGNPs ablates the high levels of p38 pathway. Although the relationship between Shh and p38a could be direct, we have not found any evidence for a direct interaction, e.g., activation of p38a intracellularly by Smo or another Shh pathway component, or regulation of p38a expression by Gli or N-Myc (data not shown). Indeed, we found that p38a is not transcriptionally regulated by Shh; increased levels of total p38a suggest that p38a is regulated post-transcriptionally as well as post-translationally. In addition, activation of kinases upstream of p38a suggests that interactions between a Shh proliferative signal and p38 MAPK take place upstream of p38a. Future studies will determine the precise mechanism of p38 MAPK activation downstream of Smo activity, including the possibility that the p38 pathway is activated by a by-product of the proliferation process itself, such as alterations of metabolic states or activities of cell cycle kinases toward upstream regulators of p38a.
Furthermore, we have shown that inhibition of p38 causes a decrease in CGNP proliferation and a concomitant decrease in p38a levels and active p38a. These results indicate that p38 activity is required for the full mitogenic response of CGNPs to Shh. Our results also suggest that maintenance of a proliferative state is required for p38a protein elevation, although we cannot rule out that p38 signaling also regulates its own mRNA translation or protein stabilization as part of a built-in feed-forward loop.
We have shown that inhibition of p38 causes a decrease in the levels of Gli1 and N-myc expression, which are genes required for CGNP proliferation. The mechanism through which p38 inhibition results in Gli1 and N-myc downregulation remains to be determined. It is well-established that Gli1 transcription is regulated by Gli2 and Gli1 transcription factors. It not clear whether N-myc is a Gli1 transcriptional target; indeed, knockdown of IRS1 in CGNPs reduces proliferation and N-myc expression, but has no effect on Gli1 expression, indicating that N-myc may not be a Gli1 transcriptional target [45] . p38 has many substrates, including transcription factors that may directly affect N-myc and Gli1 levels, as well as other kinases, which could interact with the Shh pathway to affect transcriptional levels downstream.
p38 and medulloblastoma
We have shown that the high levels of p38a observed in proliferating CGNPs also exists in tumors from a NeuroD2-SmoA1 mouse medulloblastoma model. As with CGNPs, we were not able to detect a corresponding increase in MAPK14 transcript levels in these tumors (data not shown). We have also shown that the levels of p38a MAPK activity in human medulloblastomas of the SHH subtype is high, which confirms our findings with mouse tumors and CGNPs. p38a activity seems to be present at varying degrees in all of the human medulloblastoma subtypes, which is not surprising if the p38 pathway is activated as a result of proliferation. As indicated in the ''Results'', medulloblastoma exhibits high levels of proliferation in many cases and proliferation has never been associated with a certain subtype, histological class, or survival, though large, thorough studies involving all subtypes are lacking. At first pass, biopsies that seem to have nodular and nucleated (classic-type looking) areas seem to have high levels of phospho-p38a outside the nodular regions in all subtypes, which is consistent with p38a being tightly correlated with proliferation. Considering the variability in phospho-p38a levels especially in the poorly characterized C and D subtypes, it would be interesting to determine if active p38a level can be a useful prognostic marker.
Although high levels of p38a are present in mouse and human SHH medulloblastoma, similar to CGNPs cultured with Shh, it is possible that p38a is activated for additional reasons and serves a different function in the tumor setting than in CGNP proliferation during normal development. Future studies to determine the exact mechanism of p38a induction and activation in both settings will give insight into p38a's developmental and tumorigenic roles, as well as identification of p38a targets carrying out its effector functions under conditions of SHH mitogenic and oncogenic activation.
Our preliminary finding that low levels of p38 inhibitor can induce apoptosis in the Pzp53med cell line supports the notion that p38 is a viable target for combinatorial therapy along with Smo inhibitors. Immediate future experiments to measure tumor incidence and tumor cell survival in NeuroD2-SmoA1 mice with p38 inhibitors in combination with Smo inhibitors can prove useful in assessing the value of targeting p38 in medulloblastoma. In tumors that are resistant to Smo antagonists, Gli2 amplification is one mechanism of resistance [7] , hence it would be interesting to explore the effect of p38 inhibition at the level of Gli2 using CGNPs and NeuroD2-SmoA1 mice. Since p38 seems active in all subtypes of human pediatric medulloblastomas, it would be interesting to see if targeting p38 can benefit all subtypes similarly or differentially. Though the only established mouse model for human medulloblastoma is for the SHH subtype, the very recent development of mouse models for the other subtypes [for in-depth review, please see 38] will prove an invaluable resource to study this question. It will also be beneficial to determine if our finding that the inhibition of p38 does not lead to some of the side effects associated with p38 inhibition in clinical trials, such as the consequent activation of the JNK pathway [64] , in fact translate successfully to the clinical application of these inhibitors.
